I. Taper structure for mode transition from Si waveguide to InGaAsP/Si hybrid

MOS phase shifter
The optical modes of a Si passive waveguide and an InGaAsP/Si hybrid MOS phase shifter are different because the total thickness of the phase shifter is thicker than the Si passive waveguide. For a smooth mode transition from the Si passive waveguide to the InGaAsP/Si hybrid MOS phase shifter, a suitable taper structure is required 1 . We designed contributes to phase modulation; thus, to calculate the phase modulation efficiency, we must take the effective length of the taper into account. To calculate this effective length, we considered the optical confinement in the region near the MOS interface at each position of the taper, which determined the interaction between the carriers and the propagating light. To determine the thickness of accumulated region at MOS interface, we used Debye length of InGaAsP where its doping concentration is 10 17 cm -3 . Its Debye length is 13.9 nm. Figure S2 shows the normalized optical intensity confined in a 13.9-nm-thick region at the InGaAsP MOS interface as a function of the propagation length (x) calculated by FDTD simulation. The intensity was normalized by the intensity at x of 50 m. By integrating the normalized intensity multiplied by x, the effective taper length was found to be 25.7 μm. Therefore, we added this length to the length of the phase shifter to estimate the modulation efficiency more accurately. The optical intensity in the 13.9-nm-thick region at the InGaAsP MOS interface normalized by the intensity at x of 50 μm as a function of the propagation length x from the taper edge. From this result, the effective taper length was found to be 25.7 μm. 
II. Mode confinement of InGaAsP/Si hybrid MOS phase shifter
In the case of conventional Si hybrid optical modulators [2] [3] [4] , the optical mode is not strongly confined because the height of the III-V layers is over 1 μm to avoid optical absorption caused by the top metal electrode; thus, the modulation efficiency is degraded owing to the weak optical confinement. We can partially mitigate this absorption by inserting an InGaAsP layer. Since the refractive index of InGaAsP is higher than that of InP, the optical confinement in the InP/InGaAsP layers ( Fig. 2b ) was greater than that in the single InP layer (Fig. 2a) . To achieve further improvement in the optical confinement, we propose to use thin III-V layers as shown in Fig. S3c . By forming an electrical contact at the side of the III-V layers, we can completely eliminate the absorption of the metal even with such thin III-V layers. 
III. Resistivity reduction using crystalline n-type InGaAsP
Since n-InGaAsP has a larger electron mobility than Si 5 , a reduction in resistivity is expected. To evaluate the resistivity of a Si-doped n-InGaAsP layer with a doping concentration of 10 17 cm -3 and the contact resistance between Ni-InGaAsP alloy 6, 7 and an n-InGaAsP layer, a transfer length measurement (TLM) was carried out for a wafer- . (9) The refractive index of InGaAsP is obtained using the model given by Adachi 15 . Figure   S5c shows the relationship between the refractive index and the composition of As at a 1.55 μm wavelength. Some of the parameters needed for the calculation were obtained from the appendix of Weber's paper 10 .
The electron and hole mobilities of InGaAsP were obtained by the model given by 8 Sotoodeh et al. 5 . Figure S6 shows the estimated electron and hole mobility of InGaAsP for various donor and acceptor concentrations, respectively. ), (11) where e is the elementary charge, λ is the wavelength, c is the speed of light in vacuum, ε0 is the permittivity in vacuum, n is the unperturbed refractive index, is the electron mobility, and ℎ is the hole mobility. In the case of an n-type semiconductor, the effect of holes is negligible; thus, only the effect of electrons is considered in the equations.
The absorption change caused by the band-filling effect and bandgap shrinkage at photon energy E is represented as 9, 10 ∆α
, (12) 
where ℎℎ and ℎ are proportional constants related to the density-of-states effective mass of heavy holes and light holes 10 , and and are functions of the Fermi-Dirac distribution for holes and electrons, respectively. ℎ , , ℎ , and are the energy levels of electron or heavy (or light) holes considered to energy and momentum conservation, where carriers can move between the two levels by the photon energy 9 .
, is the effective band gap reduced by bandgap shrinkage, which lowers the energy of the conduction band edge when electrons exist at the conduction band 17 . In the case of p-type InGaAsP, we considered the intervalence band absorption occurring between the valence band and the spin-off band 9, 10 .
Using these carrier-induced absorption changes, we calculated the carrier-induced refractive index change using the Kramers-Kroenig relation 9, 10 .
Figures S7a and S7b show the contributions of the plasma dispersion effect and the other effects including the band-filling effect and bandgap shrinkage to the electron-induced refractive index change in InGaAsP and InP, respectively. The wavelength (g)
corresponding to the bandgap energy of InGaAsP was assumed to be 1.37 m. 
MOS optical modulator
To discuss the modulation bandwidth of an InGaAsP/Si hybrid optical modulator, we considered the device structure as shown in Fig. S13a , which was similar to that of stateof-the-art Si MOS optical modulator reported in Refs. 18 to 20. The MOS structure with n-type Si or InGaAsP on p-type Si was considered for numerical analysis. Figure S13b and c show the electrical field of a fundamental TE mode in a Si MOS optical modulator and an InGaAsP/Si hybrid MOS optical modulator, respectively. Then we reproduced eye diagram reported in Refs. 22 to 24 to evaluate dynamic modulation characteristic. In order to achieve 9 dB extinction ratio (ER) as experimentally obtained in Ref. 22 , we estimated that the modulator total length was 360 µm, which was consistent with the layout data that can be guessed from Ref. as shown in Fig. S14c , it can achieve 3.5 times improvement in OMA and 12 times improvement in ER as compared with a Si MOS optical modulator, which is owing to the high modulation efficiency, small absorption, and reduced access resistance due to the low resistivity of n-InGaAsP layer. 
where fc is the cut-off frequency of the modulation and f0 is the minimum operation frequency of the system, i.e. half of baud rate.
430µW ER>20dB
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VIII. Structure for high modulation bandwidth
As shown in the inset of Fig. 5a , the cut-off frequency of our device is 100 MHz, which is relatively low compared to the-state-of-art Si MOS optical modulator. However, this low cut-off frequency is not determined by the fundamental issues. In Figs. S17, we have discussed the resistance and capacitance components of our device. We extracted the contact resistance and resistivity of the InGaAsP and Si layers by TLM method. Figure   S17a shows the contact resistance and resistivity of p-type Si with a doping concentration of 3 × 10 17 cm -3 . The capacitance was extracted by a measured C-V characteristic. Figure S17b shows the details of each capacitance and resistance component for 150-μm-long hybrid MOS phase shifter. As shown in the figure, the cut-off frequency is limited by the large contact resistance between a metal and p-type Si. This large contact resistance of Si can be improved by a factor of 100 using heavily doped Si where its doping concentration is over 10 19 cm -3 , meaning that the cut-off frequency is able to be improved to be 10 GHz. The parasitic capacitances between the InGaAsP and both side of the Si terraces also limit the cut-off frequency. As shown in Fig. S18 , the parasitic capacitances can be eliminated by introducing Si slab etching and H+ ion implantation into the InGaAsP layer on a terrace. As is well known, H+ ion implantation can increase a resistivity of InGaAsP. To support our discussion so far, we numerically analyzed the cut-off frequency of our device using the equivalent circuit shown in Fig. S17b . Figure S19 shows the measured and calculated EO responses. As shown in the figure, the calculated cut-off frequency is in good agreement with the measured one. Therefore, we can conclude that our hybrid MOS optical modulator is able to achieve high modulation bandwidth by improving the fabrication processes as mentioned before. 
